Using the Thermal-Region Camera and Spectrograph (T-ReCS) attached to the Gemini South 8m telescope, we have detected and resolved 10µm emission at the position of the inner equatorial ring (ER) of supernova SN 1987A at day 6067. "Hot spots" similar to, but not necessarily coincident with, those found in the optical and near-IR are clearly present. The morphology of the 10µm emission is globally similar to the morphology at other wavelengths from X-rays to radio. The mid-IR flux in the region of SN1987A is dominated by emission from dust in the ER. Our observations also show a weak detection of the central ejecta at 10µm, which implies that previous bolometric flux estimates (through day 2100) were not significantly contaminated by this newly discovered emission from the ring. If we assume a dust temperature of 160K, the estimated thermal emission is 2 × 10 37 erg s −1 from the inner ring, and 1 × 10 36 erg s −1 from the ejecta. That latter value is too low to account for the energy budget of the supernova computed by current models. Finally, using SN 1987A as a template, we discuss the possible role of supernovae as major sources of dust in the Universe.
Introduction
The well-known "circumstellar envelope" (CSE) surrounding the supernova SN 1987A consists of an inner equatorial ring (ER) flanked by two outer rings (Burrows et al. 1995) . These rings, created ∼20,000 years before the explosion of the supernova, form the waist and caps of an hourglass or "bipolar" nebula about 1 pc across, enclosing an HII region and expanding into a diffuse medium that terminates in a dense shell 4 pc in radius (Crotts & Heathcote 2000) .
The collision between the ejecta of SN 1987A and the ER predicted to occur sometime in the interval 1995 -2007 (Gaensler et al. 1997 Borkowski et al. 1997 ) is now underway. "Hot spots" have appeared inside the ER (Pun et al. 1997) , and their brightness varies on time scales of a few months (Lawrence et al. 2000) . In the next few years, profound changes will occur in the circumstellar nebula as the ejecta ram into it giving birth to a supernova remnant. New hot spots will continue to appear as the whole inner rim of the ER lights up, probably brightening by a factor 1000 during the next several years (Luo et al. 1994 ).
The spectral energy distribution longward of 5 µm has evolved continuously in time. After day 300 a cold dust-like component appeared (Suntzeff & Bouchet 1990; Bouchet & Danziger 1993; Wooden et al. 1993 ). An asymmetry in the profiles of optical emission lines that appeared at day 530 showed definitely that dust had condensed in the metal rich ejecta of the supernova . Although it was discovered via spectroscopy (Danziger et al. 1989) , the presence of the dust could be easily inferred from the spectral energy distribution: as the dust thermalized the energy output, after day 1000, SN 1987A radiated mainly in the mid infrared (Bouchet et al. 1991) . Unfortunately, after approximately day 2000, the flux emitted from SN 1987A in the thermal spectral region was too low to be detected by the instruments and telescopes available. SN 1987A was observed at day 4100 with ISOCAM onboard the ESA ISO satellite (Fischera & Tuffs 2000) . Bouchet et al. (2003) report a weak detection of the supernova at day 4300 with OSCIR at the CTIO 4-m telescope. Except for these two observations, there have been no other detections of the mid-IR emission from the ejecta/ring region of SN 1987A over the last five years.
There exist very few mid-infrared observations of supernovae in general. Therefore SN 1987A, the closest known supernova in 400 years, gives us an opportunity to explore the mid-IR properties of supernovae and their dust with the help of the newest generation of large-aperture telescopes and sensitive mid-IR instrumentation.
Observations
The new T-ReCS mid-IR imager/spectrometer at the Gemini-S 8m telescope offers a combined telescope and instrument with diffraction limited imaging ( 0.3" resolution) and superbly low thermal emissivity. On 2003 Oct 4 (day 6067), we imaged SN 1987A with T-ReCS as part of the instrument's System Verification program. In a 23 minute on-source co-added image in the N-band filter (λλ 7.70-12.97 µm), we were easily able to detect and resolve the ER (Fig. 1) . This image shows several luminous "hot" spots distributed over the ring. The calibrated flux density integrated within an aperture of 1.3" radius is 9.9 ± 1.5 mJy. This absolute calibration has been made using λ ef f = 10.36 µm. No color correction was applied and this would most likely increase the flux density. The standard star used for this and all calibrations was HD 37160, whose flux density was taken to be 8.77 Jy in the N-band.
In Fig. 2 we compare our data with data obtained in the HeI line at CTIO (Lawrence et al. 2000) at day 4775 (Fig. 2a) , and in the green OIII line as observed by HST at day 5013 (Fig. 2b) . Our mid-IR image is also compared to the Chandra Observatory X-ray image obtained at day 4711 ( Fig. 3a) (Burrows et al. 2000) , and the Australian Telescope National Facility (ATNF) 18.5 GHz (12 mm) maximum entropy restored image at day 6002 (Manchester et al. 2003) (Fig. 3b) . Globally there is good agreement in shape and size between our IR image and both the X-ray and 12 mm images. However there is significantly better correlation between "hot spots" in the IR and 12 mm images than those in the X-ray image. Whether this is partly due to the large difference in epoch between the images cannot be determined. The mean radii and approximate surface brightness distribution (brighter on the east side) of the ring are similar from the X-ray to the radio, demonstrating that the dust is co-extensive with the gas components. The origin of that brightness asymmetry may be related either to the asymmetric distribution of the ejecta and/or to the density variation in the CSM (Park et al. 2002) , or to a time-dependence effect caused by the tilt of the ER as argued by Panagia et al. (1991) .
The obvious source for mid-IR radiation is thermal emission from cool dust, whereas the X-ray radiation is thermal emission from very hot gas (Park et al. 2002) . The radio emission is likely to be synchrotron radiation (Dunne et al. 2003) . Park et al. (2002) argue that hard X-ray and radio emissions are produced by fast shocks in the CS HII region while the optical and soft X-ray emissions come from slower shocks in the denser ER. The new 12mm map (Manchester et al. 2003) do not support that statement. We believe that both emissions, as well as the emission observed with T-ReCS, are produced by shocks in the ER.
Our data do not allow an estimate of the temperature and of the mass of the dust. Most probably the ER and the ejecta have different dust temperatures as was observed in Cas A (Dunne et al. 2003) . These authors argue that if the dust were at temperature 100 − 150K it could be heated by collisions with fast-moving electrons and ions in the hot gas seen with Chandra.
Discussion
Possible scenarios for the late-time mid-IR emission in Type II supernovae (Graham & Meikle 1986; Gerardy et al. 2000) are (1) dusty ejecta, (2) an infrared echo, or (3) dust heated from circumstellar interaction. In the latter case, the dust could be (i) preexisting dust in the CSM heated by the outer blast wave, or (ii) newly formed dust in the ejecta heated by a reverse shock traveling backwards (in mass) into the supernova envelope. The N-band detections of SN 1987A at days 4100 and 4300 suggested that dust was still present in the ejecta and the dominant component of the ejecta's bolometric flux. However, the ISO observations were slightly non-stellar strongly suggesting that some of the dust emission was coming from the inner ring, presumably heated by the shock front as the high-velocity material hits the ER material (Fischera et al. 2002a ). EUV radiation is produced in the shock, and ionizes the gas upstream of the shock front revealing the structure and properties of the outer nebula. Fischera et al. (2002b) estimate that the CS dust is most likely silicateiron or a silicate-graphite mixture, or pure graphite. These types of grains have spectral signatures in the N-band that were not detected in the dust that condensed in the ejecta , most probably in the form of X-type SiC (Amari et al. 1992 ).
After day 530 the dust emission became the dominant cooling mechanism of the ejecta of SN 1987A, radiating away the energy from the radioactive nuclides synthesized in the explosion (Fransson et al. 1989) . What happened then to this early dust emission? In Fig. 1 a small flux enhancement with a flux density of 0.32 ± 0.1 mJy (3 − σ) can be seen in the center of the ring. It is likely that this weak feature is the remains of the dust emission from the condensates in the ejecta. Fig. 4 shows that the flux at 10µm declines exponentially from day 2200 through day 4200 (the ISOCAM and OSCIR observations) until day 6000 with the T-ReCS observations of the ejecta. The 10µm flux decline of the ejecta from day 2200 to 6000 is roughly 0.32 mag y −1 . If such an exponential decline is otherwise expected, this would imply that the observations on day 4200 are not dominated by the ring emission. It would therefore be likely that the ring emission started around day 4000 or later, in good agreement with Fig. 5 of Park et al. (2002) for ATCA and Chandra/ROSAT data. Fransson & Kozma (1993) show that time-dependent effects due to long recombination and cooling times lead to a frozen-in structure of the ejecta of SN 1987A. According to that model, the bolometric flux and the dust temperature in the ejecta should have remained constant since day 1316 (T = 145K; L BB = 37.61±0.15 erg s −1 ; Bouchet et al. (1991) ), which is not seen in Fig. 4 .
While we only have a single wavelength flux detection, it is useful to estimate a rough bolometric flux for the ring and ejecta emission. Assuming that the emission is blackbody rather than a line emission will give us a rough upper limit on the total dust radiation. For temperature ranges of 50K to 160K, we derive blackbody fluxes of 2.1 × 10 35 ± 0.6erg s −1 to 2 × 10 37 ± 0.6erg s −1 , respectively, for the EQ+ejecta (m − M = 18.5, and the errors are computed as in Bouchet et al. (1991) ).
The thermal IR emission from the ejecta alone for the range of temperatures listed previously, is 1 × 10 34 ± 0.3erg s −1 and 1.1 × 10 36 ± 0.4erg s −1 . To claim that the bolometric flux of SN 1987A has remained constant since day 1316 would imply that the temperature of the dust in the ejecta has increased from 145K to 430K, which is most unlikely. Therefore, we believe that the Fransson & Kozma (1993) model is not valid. Our observations show that the bulk of the IR emission doesn't originate in the metal rich parts of the ejecta (eg. the weak detection at the center of the ring). Moreover, these parts are expanding much more slowly than the outer parts of the H-rich envelope and they have not reached the ring yet. As it is most unlikely that dust formed in the tenuous outer H-rich layers of the SN interacting with the ring, we believe that the IR emission is produced by preexisting dust in the CSM heated by the outer blast wave (scenario 3-i). This interaction converts part of the kinetic energy (KE) into radiative output. In the past the uvoir flux came from radiative energy in the ejecta, either arising directly from instantaneous radioactive decay and excitation or from previous excitation freeze out and subsequent recombination. Some time between day 2000 and day 6000 the dominant energy source in SN 1987A has shifted from this thermal energy to the KE heating of the inner ring in the fast moving parts of the ejecta. Gerardy et al. (2000) report on the detection of dust emission in the near-IR spectra of the Type IIn supernovae SN 1998S (a supernova similar to SN 1987A) and SN 1997ab, and summarize dust emission in other supernovae: the IR excess observed in SN 1979C, SN 1980K, and SN 1985L is interpreted as dust forming in the ejecta, while it is attributed to dust lying in a preexisting CSM in SN 1982E, SN 1982L, SN 1982R, SN 1993J and SN 1994Y. Elmhamdi et al. (2003 presented clear evidence for dust formation in the Type IIP SN 1999em 500 days after explosion. Lagage et al. (1996) ; Douvion et al. (1999) ; Arendt et al. (1999) detected a continuum consistent with silicate dust of very small pyroxene grains (MgSiO 3 ) in the youngest known Galactic SNR Cas A.
Various indirect arguments suggest that supernovae can be a major source for interstellar dust (Amari et al. 1992) . Dwek & Scalo (1980); Clayton (1982) ; Dwek (1988) strongly support this hypothesis. However, there is a wide range of sources as to which of the source of dust production -supernovae versus stellar winds -dominates. For instance, Douvion et al. (1999) argue that supergiants and AGB stars form the bulk of the dust in the Galaxy, and not supernovae. Dunne et al. (2003) argue that SNe are at least as important as stellar winds in producing dust in our Galaxy and in galaxies at high redshifts. Morgan et al. (2003) conclude that SNe, or their progenitors, may be important dust formation sites.
It is also unclear what fraction of the grains in the inner region of the supernova remnant can survive the shocks and the EUV environment. The grains may be destroyed near the shock interface, but new condensates may form in the region, or perhaps the surviving grains may re-accrete refractory elements immediately after the shock passage (Seab 1987 ). In the model of Deneault et al. (2003) , the SiC dust grains must survive three epochs of reverse shock formation in Type II supernovae: pressure wave from the H envelope near t ∼ 11 days during which the SiC surely condenses, reverse shock from the pre-supernova wind near ∼ 3 − 30 yr, and reverse shock from the ISM near ∼ 300 yr.
Our observations show that the dust which condensed in the ejecta has survived 16 years since outburst. Unfortunately, we cannot accurately estimate the masses of that dust. Thus, if we consider SN 1987A as an archetype, our data cannot either support or rule out the hypothesis that supernovae are significant sources for dust production.
Considerations for the Future
Several theoretical models predicted the presence of dust in the CSE of SN 1987A which was produced in the winds of the supergiant phase. The CS dust is likely to be in the form of pyroxene or graphite grains, while the dust condensed in the ejecta is most probably of some type of silicon carbide. Forthcoming imaging and spectroscopic observations focusing on line versus continuum emission should determine the type of emission present. The present energy budget cannot be accounted for by available theoretical models. We believe that delayed recombination models should be overlayed with a model of physical interactions and energy releases.
Finally, in order to assess the role of SNe in the production of dust in the Universe, it is clearly important to measure the presence of dust that survives into the formation of the remnant, and for this, mid-IR and sub-mm observations are critical.
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